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Magneti studies of GaN nanoeramis
A. J. Zaleski, M.Nyk, W.Strek
Institute of Low Temperature and Struture Researh, Polish Aademy of Sienes, Wrolaw, Poland
The synthesis, morphology and magnetization measurements of GaN nanoeramis obtained under
high pressure are reported. In partiular the eet of grain size on magneti properties of GaN
nanopowders and nanoeramis was investigated. It was found that for the GaN nanoerami
haraterized by the stronger deformation of nanorystalline grains the diamagneti signal hanges
with external magneti eld similarly to the Meissner eet in superondutors.
Gallium nitride is a wide energy gap semiondutor
whih is urrently massively investigated due to its ap-
pliation for blue laser systems.
1
It is well known that
the GaN rystal is diamagneti.
2
In last deade there
were reported a number of fabriation tehniques of
GaN nanorystals.
3,4,5
It was demonstrated that suh
GaN nanopowders an be utilized as the substrate for
homoepitaxy.
6
Reently there were developed dierent
methods of densiation of nanopowders into large and
dense erami bulks with grains lower than 100 nm into
sizable materials retaining nanometer features. One of
the best densiation tehniques is the low temperature
high pressure (LTHP) method in whih the ompressive
fores at grain boundaries are assoiated with external
pressure ourring at low and elevated temperature. It
results in displaement of rystalline surfaes, plasti de-
formation, lattie diusion, grain boundary diusion and
phase metamorphosis of grain boundaries resulting in
strutural deformation due to the braking of hemial
bonds. In the present work we report the magneti prop-
erties of GaN nanoeramis obtained by LTHP method,
in partiular the eet of grain sizes on the magneti
properties.
GaN nanosized powders were synthesized by ombus-
tion method as desribed earlier.
7,8
The preparation pro-
edure was divided into two main steps - rst one the
hydrothermal proessing using mirowaves reator; and
the seond - GaN nanorystalline powder has been syn-
thesized using a horizontal quartz reator. This is a
modied method reported in our previous papers.
9
Hy-
drothermal proessing using mirowaves as stimulators
and aelerators of the onversion of Ga2O3 (Alfa Ae-
sar 99.999%) into Ga(NO3)3 was applied. The most im-
portant improvement in omparison to already operated
hydrothermal reators was done in applying mirowaves
as a heater. Waveguide is plaed outside the reation
area and thus protets the reatants from the ontat
with the heater elements. The Ga2O3 and HNO3 were
moved into the Teon vessel, afterwards deionized water
was added. Finally prepared solution was plaed in the
mirowave reator (ERTEC MV 02-02). After hydrother-
mal proessing at 300
◦
C, under pressure lower than 20
atm solution of Ga(NO3)3 was obtained. After the hy-
drothermal proess was ompleted, the obtained powder
was arefully dried in an oven with gradually inreasing
the temperature from 70
◦
C to 200
◦
C. Then, the powder
plaed in an alumina ruible was inserted into quartz
tube (24mm ID) and was alined at 600
◦
C for 6 h in
air ow to onvert Ga(NO3)3 into Ga2O3. The rushed
powders samples were plaed at room temperature into
quartz tube in NH3 ow and after purging the material
was heated to the required temperatures 850
◦
C, 950
◦
C,
and 1050
◦
C. The NH3 vapor used for nitridation was ad-
ditionally puried by passing it over a zeolite trap.
The fabriation of the GaN nanoeramis by means
of the LTHP tehnique was performed under 6 GPa at
800
◦
C for 1 min (patent appliation P-378376). In this
manner three samples, haraterized by the dierent size
of the grains, were fabriated. In order to determine the
struture of the powders and eramis the XRD dira-
tion measurements were performed. Two sets of sam-
ples were prepared and studied. Overall phase ompo-
sitions of the nanopowders were determined by X-ray
powder diration with a Siemens D5000 diratometer
and CuKα1 radiation, λ=0.15406 nm. A nanoerami of
GaN, suitable for rystal struture investigation, was ob-
tained from the nanopowder sample of GaN. The X-ray
intensities data were olleted on a KUMA Diration
KM-4 four-irle diratometer equipped with a CCD
amera, using graphite-monohromatized MoKα radia-
tion (λ= 0.071073 nm). Magneti properties of small
GaN pellets with dimensions of 1 mm thik and 4.5 mm
in diameter were measured using ommerial Quantum
Design SQUID magnetometer. Speial are was taken
to use proper sample holder, as the measured values of
magnetization of GaN were very low. Also the eet
of remnant eld of superonduting magnet was thor-
oughly taken are for. The samples of GaN nanoeramis
were haraterized by the dimensions φ4 mm and height
1.5 mm. They were blak olor with average density 5.5
g/m
3
and multipoint BET surfae area 10.5 m
2
/g.
We have performed the XRD measurements of GaN
nanopowders and nanoeramis. Fig. 1a shows the XRD
patterns of the GaN powders obtained at 850
◦
, 950
◦
,
and 1050
◦
C, respetively. The patterns show diration
lines that ould be asribed to the formation of hexago-
nal GaN with a wurtzite type struture (JCPDS le No.
02-1078). By means of the Sherrer formula, there has
been found that the average size of GaN grains inreases
with the inrease of heating temperature. In the ase
of the XRD peak related to (110) diretion, the average
grain sizes have been determined to be 11, 17, and 31 nm
for GaN powders obtained at 850
◦
, 950
◦
, and 1050
◦
C,
respetively.
10
It is learly seen that the intensities of
2Figure 1: The X-ray diratograms of GaN powders (a) and
nanoeramis (b).
GaN nanoerami dnp (nm) ± 2 dnc (nm) ± 2 (dnp/dnc)
3
GaN (1050
◦
C) 31 6.5 111
GaN (950
◦
C) 17 7 14
GaN (850
◦
C) 11 4 19
Table I: The mean grain sizes of GaN nanopowders and
nanoeramis. The symbols are: dnp  mean size of grain of
GaN nanopowder
∗
; dnc  mean size of nanorystallite of GaN
nanoerami
∗
(
∗
alulated using the Sherrer formula
11
).
XRD peaks inrease and their broadening derease with
the rise of heating temperature.
Fig. 1b shows XRD patterns of the GaN erami ob-
tained from the same nanopowders of GaN at 850
◦
, 950
◦
,
and 1050
◦
C, respetively. One an note that the reexes
were muh broader for the GaN nanoeramis ompared
to the respetive GaN powders. In ase of the XRD peak
related to (110) diretion, the grain sizes of nanoeram-
is have been determined to be 4, 7, and 6.5 nm for
GaN powders obtained at 850
◦
, 950
◦
, and 1050
◦
C, re-
spetively. We have observed some shifting of diration
lines. It may suggest that the struture of GaN nanorys-
talline partiles after LTHP treatment was strongly de-
formed wurtzite struture. Table I shows the enumerated
medium-sized grains as well as the lattie parameters
for hexagonal gallium nitride. A areful analysis of the
data allows us to onlude that the average grain sizes in
nanoeramis dereased signiantly due to LTHP sin-
tering. One an onlude that the GaN nanoeramis
sintered at LTHP onditions onsist of the rystalline
part, interboundary phase and amorphous phase. The
volume ratio of amorphous phase (Vam) to the volume of
nanorystalline grain (Vnc) may be estimated assuming
the spherial shape of nanograins with dnp for powders
and dnc for eramis to be Vam/ Vnc= (dnp/dnc)
3
(see
Table I). An appearane of the amorphous phase har-
aterizes the degree of deformation of GaN nanoerami
responsible for reation of free arriers and their orrela-
tions.
The magnetization versus magneti eld dependene
for the GaN nanoerami prepared from nanopowders
sintered at 850
◦
C and 950
◦
C and measured at 2K showed
Figure 2: Volume magnetization versus temperature for GaN
nanoerami prepared from the nanopowders sintered at
1050
◦
C. (ZFC-FC measurements with additionally sweeping
temperature up and down for FC sample).
a paramagneti signal, persisting up to 5T. At 20K the
measured signal was pratially entirely diamagneti.
The most surprising results were obtained for magnetiza-
tion versus magneti eld measurements for GaN nanoe-
ramis synthesized from the nanorystalline powders sin-
tered at 1050
◦
C. The temperature dependene of the eld
ooled zero eld ooled (FC-ZFC) sample is presented in
Fig. 2 where for the eld ooled sample the results for
measurements in inreasing and dereasing temperature
are added. The behavior of GaN is typial for super-
onduting material although the diamagneti signal has
similar magnitude as the paramagneti one. If one as-
ribes this diamagnetism to superondutivity, the tran-
sition temperature Tc= 6.5 K is obtained, far above the
ritial temperature of pure Gallium (Tc= 1.091 K). An
additional argument for interpreting the measured signal
as superonduting behavior may be obtained from Fig.
3 where the eld dependene of magnetization at dierent
temperatures is plotted. At T = 2 K we have observed
a distorted hysteresis loop with the Meissner signal for
the virgin sample. At T = 20 K this diamagneti signal
is already absent, and as some kind of remainder small
paramagneti signal an be observed (also hystereti). If
we suppose that the hysteresis at T = 2 K is aused by
superondutivity appearing in the material, we an es-
timate the upper ritial eld of the material as equal
to about Hc2≈0.4 T. From the magnetization measured
at dierent temperatures (see Fig. 4) it is possible to
estimate also lower magneti eld. It is equal to about
Hc1= 0.08 T at T = 2K. The ratio Hc2/Hc1= 5 sug-
gests that our material is a weak type-II superondutor.
The superonduting-like behavior was observed only for
the nanoeramis (dnc= 6.5 nm), i.e. for the material
haraterized by the largest amorphous phase existene
(Vam/Vnc≈111).
It is known that the materials subjeted to high pres-
sure demonstrate the pressure indued metallization and
superondutivity transition.
11
The metallization and su-
perondutivity transitions in GaN rystal ourring un-
der high pressure were investigated theoretially by Nir-
mala Louis et al.
12
They are assoiated with enhane-
3Figure 3: Magneti hysteresis for GaN nanoerami prepared
from nanopowders obtained at 1050
◦
C (dnc= 6.5 nm) mea-
sured at T=2K and T=20K (signal of empty sample holder is
added for omparison  broken line). Inset  expanded sale
of eld axis.
Figure 4: Magnetization versus magneti eld for dierent
temperatures for GaN nanoerami prepared from nanop-
wders sintered at 1050
◦
C.
ment of the density of states at the Fermi level after
metallization leading to the superondutivity. The on-
set of superonduting transition for GaN was predited
at 6.948 Mbar (102GPa) orresponding to the ritial
temperature Tc= 0.402K. The ritial temperature de-
termined for GaN nanoeramis was muh higher (6.5K)
and obtained at muh lower pressure (6 GPa). One might
suppose that the high pressure applied during the prepa-
ration of nanoeramis ould lead also to similar reorga-
nization of the rystalline struture of the ontats be-
tween the grains. But in suh a ase the superonduting
behavior should be more pronouned for nanoeramis
with smaller grains, having more numerous ontats be-
tween them. In fat from the Table I one an see that
the biggest deformation was found for nanoerami ob-
tained from GaN nanopowder nitridation at 1050
◦
C. So
if the observed eets an not be asribed to the surfae,
ontats or mesosopi eets they have probably volume
harater. It is tempting to explain the superonduting
behavior of GaN nanoeramis by Gallium preipitation.
But none of our XRD measurements gives any basis for
stating that free Gallium an exist in our material. Also
the value of ritial temperature asribed by us to super-
onduting transition of GaN nanoeramis obtained at
T = 1050
◦
C, is muh higher than superonduting tran-
sition of Gallium itself (Tc= 1.091 K). We are not aware
of any report that Gallium oxide or Gallium nitride is
superonduting. It would be also surprising if gallium
preipitation was only seen for nanoeramis obtained at
1050
◦
C.
The strutural properties of GaN nanoramis pre-
pared by LTHP sintering were desribed. It was shown
that under applied pressure the nanoeramis were
strongly deformed onsisting of muh smaller than start-
ing nanorystalline powders nanograins and amorphous
phase. We have found that the GaN nanoeramis on-
trary to GaN single rystals demonstrated the paramag-
neti behavior. The GaN nanoeramis haraterized by
the largest amorphous phase exhibited superondutivity
like behavior with the ritial temperature Tc= 5K. The
nature of amorphous phase in GaN nanoeramis and its
role in reation of superonduting state needs further
studies whih are in progress.
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